Abstract: Subtropical rivers support a highly diverse array of benthic macroinvertebrates. In this study, by combining historical data and new data, we identified specific changes in the Guanlan River, in South China, from 1981 to 2011, and evaluated the effectiveness of an ecological restoration project under highly polluted conditions. From 1981 to 2011, the water quality in the Guanlan River underwent three major stages. With the deterioration of water quality, there was an overall decrease in the species number of macroinvertebrates in the Guanlan River, an increase in macroinvertebrate density, and a reduction of the biodiversity, and a reduction of functional feeding groups. In 2011, after five years of comprehensive remediation, the Guanlan River was somewhat improved. Macroinvertebrate biodiversity in the middle reach of the Guanlan River, where a key ecological restoration engineering project was implemented, did not differ significantly from other sites. This finding indicates that the effectiveness of ecological restoration measures in highly polluted rivers, particularly at the reach-scale, is very limited and even ineffective.
Introduction
River ecosystems fulfil numerous functions for human populations, such as water supplies for industries, agriculture, transportation, power generation, and socio-economic development [1] . However, rapid population growth, industrialisation, and associated urbanisation exert pressure on water resources worldwide, particularly in developing countries [2, 3] . This pressure on river ecosystems has become very evident in eastern and southern Asian areas, particularly in China, where the economy is rapidly developing [4] . The majority of studies on river ecosystems have focused on water quality (e.g., nitrogen and phosphorus), and most were conducted in developed countries with temperate climates (namely American and European catchments). Scientific analyses and assessments of human influences on regional river ecosystems are considerably lacking in subtropical areas, where ecosystems are more sensitive to urbanisation and biodiversity is at greater risk. There is an urgent need for sustainable management of subtropical river systems.
River ecosystems consist of biotic components and the abiotic environment; the biotic components play a greater role in the evolution of the river ecosystem [5] . Degradation and loss of aquatic organisms can lead to the reduction or even loss of the self-purification capacity of river ecosystems. Thus, biological indicators have been identified and widely applied in the assessment regime of river health [6, 7] .
Macroinvertebrates are the middle link of the food chain in river ecosystems. By playing a central role in energy flow and material cycling, macroinvertebrates directly influence the survival and reproduction of other taxa [6, 8] . Different macroinvertebrate taxa have different sensitivities and tolerance capabilities to environmental conditions (e.g., organic matter, eutrophication, acidity and acidification) [9] [10] [11] . These taxa are very sensitive to environmental changes such as disturbance, deterioration, and improvement. Their life cycles are relatively long, but their migration ability is relatively weak. Therefore, macroinvertebrates can reflect the comparatively long-term temporal and spatial changes of river ecosystems and can predict future problems [12] [13] [14] [15] [16] . Macroinvertebrates are the most widely used bioindicators of river health status [6, 13] .
Rapid urbanisation and industrialisation and a lack of scientific management have significant adverse effects on river ecosystems. This study was conducted to understand the long-term changes in rivers in areas of rapid economic development in subtropical zones and assess the effect of ecological restoration measures in highly polluted rivers. The analysis used 30 years of hydrochemical and macroinvertebrate community data from the Guanlan River in the subtropical region of China. The objectives of the study were to (1) identify the specific events or changes in the Guanlan River that have triggered improvement or deterioration during the 30-year-period between 1981 and 2011; (2) evaluate the temporal relationships between the water quality regime and macroinvertebrate communities in the Guanlan River; and (3) evaluate the probability and efficiency of ecological restoration measures to improve the ecological status of the Guanlan River.
Materials and Methods

Study Area
The Guanlan River flows through the north-central area of Shenzhen City, then from south to north before passing through Longhua Township and Guanlan Township, and finally merges with the Dongjiang River (Figure 1 ). The Guanlan River is upstream of a first-order tributary, the Shima River of the Dongjiang River. The Dongjiang River is the third largest tributary of the Pearl River water system. The main stream length of the Guanlan River within Shenzhen City is 23.3 km, and its catchment area is 189.3 km 2 . The river's mean longitudinal river slope is 2.18‰, and its width (water width) ranges from 8.5 to 38.0 m. The mean monitored flow velocity was 0.29 m/s in 2011. The substrates mostly consist of sandy materials and occasionally rough sands or gravels. The terrain of this catchment area can be characterised as a hilly gully area. The soil within this catchment area consists mainly of red earth, with a deep weathered horizon. The soils consist of as much as 70% sand. This area is located in a subtropical zone with a monsoon climate. The multi-year mean temperature is 22 °C and the multi-year mean rainfall is 1800 mm. Flood season is from April to September, which accounts for 85%-90% of the annual rainfall. During the period of 1981-2011, rapid urbanisation and industrialisation and a lack of scientific management led to the use of the Guanlan River as the primary channel for receiving sanitary sewage and industrial wastewater. The water quality of the Guanlan River continuously deteriorated, and water pollution has seriously limited further economic development. The municipal government of Shenzhen has consequently decided to restore the Guanlan River and improve its water quality. From 2006 to 2010, Shenzhen's municipal government invested a total of 1.32 billion RMB (211.33 million USD) to remediate the Guanlan River, including 634 million RMB (101.50 million USD) to establish two wastewater treatment plants along the river and 500 million RMB (80.05 million USD) to engineer translocation wastewater via box culverts. The ecosystem within 1.5 km of the middle stream of the Guanlan River ( Figure 1 , G3 site) was the focal point of the ecological restoration (186 million RMB, equivalent to 29.79 million USD). In 2007, a key ecological restoration engineering project was implemented in the middle stream of the Guanlan River. The major ecological restoration measures included the construction of an artificial wetland (35 million RMB, equivalent to 5.60 million USD) along the river for deep purification of tail water from the Longhua Waste Water Treatment Plant, ecological bank protection, and ecological landscape river renovation (e.g., the creation of an overflow dam, a waterfront leisure area and walking path, and a riparian forest and hygrophyte; 151 million RMB, equivalent to 24.18 million USD). However, only a box culvert project for channelling wastewater was implemented upstream (G1 site and G2 site in 2011) and downstream (G4 site in 2011) of the Guanlan River. The main purpose of the box culvert project was to directly control the water quality of the Guanlan River.
Data Collection Methods
Data were collected from the literature and the field. The 1981 macroinvertebrate data and the 2006 data were obtained from literature [17, 18] . We collected the 2011 data from the sampling sites shown in Figure 1 . From 1981 to 1982, Lai conducted a survey of the Pearl River water system in Guangdong province [17] . He conducted a survey on the macroinvertebrates at 16 sampling sites located upstream, midstream and downstream of the main branches of the Dongjiang River. The Shilong sampling site ( Figure 1 , R site, 23°6'20" N, 113°52'28" E) was located approximately 29 km downstream of the merging point with the Shima River (Guanlan River). The data acquired from this survey represented the survival status of macroinvertebrates in the Dongjiang River water system before the beginning of economic reform and rapid development. The data from the Shilong sampling site served as background data for the catchment area of the Guanlan-Shima River. In 2006, prior to the beginning of the key ecological restoration engineering project, the Shenzhen Water Planning and Design Institute conducted a survey of the aquatic ecology ( Figure 1 , G3 site at Qinghu reach). These macroinvertebrate data represent the ecological status of the Guanlan River catchment after more than 20 years of economic reform and development. In 2011, we conducted a survey of macroinvertebrates at four sampling sites located upstream, midstream and downstream of the Guanlan River ( Figure 1 , Table 1 ). The survey results comprehensively reflected the water's general ecological status within the Guanlan River after five years of comprehensive remediation. In 2011, macroinvertebrates were collected at four sites ( Figure 1 , Table 1 ; G1 site, G2 site, G3 site, G4 site) using quantitative Surber samplers (420 μm mesh, 30 cm × 30 cm). At each sampling site, samples were collected in February and September during the low water level period and flood period, respectively. Three replicates from each site were collected at each sampling period. The macroinvertebrate samples were fixed in 4% formaldehyde and brought to the laboratory for classification, identification, and weighing. Some macroinvertebates were identified at the species level, whereas others were identified at the genus level and distinguished as species. The water quality data from 1981 to 2006 were collected from the literature [18] [19] [20] [21] [22] [23] . The water quality data in 2011 were collected in the field at the same time as the macroinvertebrate samples. Three water samples from each site were collected, mixed, and used to represent the water quality at that location. The water samples were brought to the laboratory and measured according to China's National Environmental Quality Standards for Surface Water (BOD5: dilution and seeding method; COD: potassium dichromate method; NH4-N: Nessler's reagent colourimetry; TN: alkaline potassium persulphate digestion-UV spectrophotometric method.) [24] . The analytical methods for water quality were the same in the 1981-1993 period, 2006, and 2011.
Metrics Selection and Calculation Methods
The hydrological process is a key element of river ecosystem maintenance. However, we did not include hydrological indices in this study because of a lack of historical monitoring data for hydrological conditions over time and a lack of significant differences in hydrological conditions (e.g., water flow rate and volume) among the upstream, midstream and downstream areas of the Guanlan River.
The water quality of the Guanlan River is mainly influenced by industrial wastewater and agricultural and sanitary sewage. The Guanlan River is representative of rivers polluted by oxygen-consuming organic substances and nutritional concentration [19, 25] . Thus, in this study, four chemical indicators-BOD5, COD, NH4-N, and TN-were selected as the indicators to analyse the changes in environmental conditions in the Guanlan River.
Indices of macroinvertebrates, such as species diversity, density, biomass, tolerance value, and functional feeding groups, reflect changes in water quality and types of macroinvertebrate communities. Functional feeding groups reflect the nutritional structures of macroinvertebrate communities and can provide information about the functions and process of river ecosystems [26, 27] , water quality status [28] and river ecosystem integrity [29] . In our study, five indices-taxa richness, Shannon-Wiener diversity index, density, biomass, and functional feeding groups-were used as indicators to analyse the changes in macroinvertebrate communities. According to the methods of Merritt, Cummins and Duan et al., macroinvertebrates were divided into five functional feeding groups: collector-filterer, collector-gatherer, scraper, shredder, and predator [6, 30] . The Shannon-Wiener diversity index was calculated using Equation (1) [31] :
where H is the diversity index, S is the number of species, and Pi is the ratio of the individuals in the ith genus to total individuals. The historical data were reabstracted, reclassified, and rearranged and uniformly analysed along with the new data obtained in 2011. Combined, these data reflect the changes in water quality and macroinvertebrate communities in the Guanlan River within Shenzhen City over a 30-year period.
Data Analysis
To examine the relationship between the Shannon-Wiener diversity index of macroinvertebrates and the number of species within the water quality indices, Pearson correlation analysis was conducted using Version 18.0 of SPSS. The results are expressed as Pearson correlation coefficients.
Results
Analyses of Water Pollution
The changes in the water quality of the Guanlan River between 1981 and 2011 are depicted in Figure 2 The key periods of changes in water quality are outlined in Table 2 . In 1981, the Guanlan River was generally in a non-polluted state. In 1993, the Guanlan River was moderately polluted. The BOD5 index was in Grade I. The TN index most exceeded the norm level by the greatest amount and was in Grade V. Until 1999, the four indices were all in Grade V or lower. By 2006, the concentrations of these pollutants reached historical peak levels that were 38-to 67-fold higher than those in 1981 and exceeding Grade V by 3-13-fold. Thus, the Guanlan River was in an extremely polluted state. In 2011, after five years of comprehensive remediation, the concentrations of the four indices were reduced, but water quality still failed to exceed Grade V; in fact, the four indices were 1-8-fold higher than those of Grade V. The Guanlan River thus failed to meet the Grade III drinking water requirements because it was still in a highly polluted state. Notes: Grades I, II, III, IV and V in Table 2 are China's National Environmental Quality Standards for Surface Water. Grade I is the best, and Grade V is the worst. Poorer than Grade V is inferior V (V+).
Structural and Functional Changes in Macroinvertebrate Communities
Structural Changes in Macroinvertebrate Communities
The important years for the study of macroinvertebrate community status are indicated in Figure 3 and Table 3 . Figure 3a indicates that, in 1981, the macroinvertebrates collected at the R sampling site (Figure 1 , Shilong site) included two phyla, 14 families, 21 genera, and 30 species These macroinvertebrates included molluscs and arthropods (i.e., crustaceans and aquatic insects). In 2006, before restoration, only one species of macroinvertebrate was found in the Guanlan River. In 2011, after five years of comprehensive remediation, the macroinvertebrates collected in the Guanlan River included three phyla, eight families, 14 genera, and 14 species. The original 18 species of mollusc were replaced by four new species of mollusc. Five new pollution-tolerant species of Annelida (Oligochaeta) were identified in the samples collected in 2011. Figure 3b shows that the Shannon-Wiener diversity index for the R sampling site (Shilong site) was 2.49 in 1981. The species and macroinvertebrate community compositions were relatively rich and uniform. In 2006, before restoration, the Shannon-Wiener diversity index was zero in the Guanlan River. In 2011, after five years of comprehensive remediation, the Shannon-Wiener diversity index was 1.61. During the 30-year period, the Shannon-Wiener diversity of the macroinvertebrates in the Guanlan River decreased by 35.48% overall. However, the comprehensive remediation engineering project increased the macroinvertebrate diversity in the Guanlan River. . In terms of species abundance, a few pollution-tolerant species dominated absolutely. After implementation of the comprehensive remediation engineering project, structural changes occurred in the macroinvertebrate communities, and biomass was gradually restored. [17, 18] . The 2011 data were collected from the field. 
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Structural Changes in the Compositions of the Functional Feeding Groups
As shown in Figure 4 , in 1981 before water degradation, the species composition of macroinvertebrate functional feeding groups at the R sampling site in the Guanlan River was as follows: 33.33% collector-filterers, 26.67% scrapers, 20.00% predators, 16.67% shredders, and 3.33% collector-gatherers. The functional feeding groups were full, and the nutritional structures were complete. Before the Guanlan River was remediated in 2006, there was only one macroinvertebrate species of collector-gatherer that was pollution-tolerant, which accounted for 100% of all macroinvertebrates. In 2011, the composition of the macroinvertebrate functional feeding groups in the Guanlan River was as follows: 28.57% scrapers, 14.29% predators, and 57.14% collector-gatherers. The collector-filterers and the shredders, which are sensitive to pollution, were both absent. The nutritional structure of the macroinvertebrates in the Guanlan River underwent dramatic changes from 1981 to 2011; collector-gatherers increased by 1615.9%, and the important shredders disappeared. [17, 18] . The 2011 data were obtained from the field.
Responses of River Ecosystems to Water Pollution
Between 1981 and 2011, both water quality and macroinvertebrate communities in the Guanlan River underwent continuous change ( Figure 5) . Overall, the macroinvertebrate species diversity dramatically decreased as concentrations of oxygen-consuming organic pollutants and nutritional elements increased. In 2006, when water pollution was most severe, only one species of macroinvertebrate was identified in the Guanlan River. The Shannon-Wiener diversity index was zero. With comprehensive remediation of the Guanlan River, ecological restoration became evident; water quality was gradually restored, and concentrations of pollutants were reduced. Simultaneously, the species richness of the macroinvertebrate communities greatly increased. Table 4 provides the correlations between the water quality index, taxa richness, density, macroinvertebrate biomass, and the Shannon-Wiener diversity index, calculated using the data from the four sites during February and September of 2011. The Shannon-Wiener diversity index revealed a significant negative correlation with the four indices of water quality, indicating that the deterioration of the water quality within the ecosystems in the Guanlan River was the key factor in species decline in the macroinvertebrate communities. The results of the Pearson correlation analysis (Table 4) are consistent with the correlation of macroinvertebrate diversity and water quality indices in Figure 5 . However, in 2011, the macroinvertebrate species number at each site exhibited a highly significant positive correlation with the indices of water quality. Note: The data presented are Pearson correlation coefficients (n = 6). * indicates that these two indices were significantly correlated (p < 0.01). ** indicates that these two indices were extremely significantly correlated (p < 0.001).
Impacts of the Ecological Restoration
The distributions of the macroinvertebrate communities of the four sites upstream (G1 site, G2 site), midstream (G3 site) and downstream (G4 site) of the Guanlan River (Figure 1) , after five years of comprehensive remediation, are shown in Figure 6 . The Shannon-Wiener diversity index and biomass were highest at the G3 midstream site (Qinghu reach), where key ecological restoration has been conducted. The degree of improvement in macroinvertebrates was higher at the G3 site than the G1, G2, and G4 sites. While the taxa richness at the G1 site was greater than that at the G3 site, its degree of uniformity was lower. The ratio of the number of the most pollution-tolerant Oligochaeta species to the total number of species was higher at the G1 site than the G3 site, leading to an overall poorer situation than that at the G3 site. The restoration of macroinvertebrates in the reach of the middle stream of the Guanlan River (G3 site), where ecological restoration has been conducted, was superior to that of sites in the upper and lower stream reaches, where only sewage interception and pollution transport have been implemented. 
Discussion
The changes in water quality in the Guanlan River have been synchronous with the speed of regional economic development. The dramatic economic and urban development over the last three decades has caused extensive ecological degradation of streams and rivers [32] . Shenzhen City is representative of the rapid economic development in China. The Guanlan River is one of five major rivers in Shenzhen City. Globally, serious pollution due to regional economic development has also been documented in the Rhine River. The Rhine River, a substantial contributor to European economic development, was in its most seriously polluted state in 1971 and completely lost its self-purification capability [33, 34] . The Guanlan River was in its most seriously polluted state in 2006 ( Figure 2 , Table 2 ). The COD concentration in the Guanlan River in 2006 was comparable to that of the Rhine River in 1971, but the Guanlan River's BOD concentration was more than four times the poorest BOD concentration in the Rhine River. The Guanlan River's NH4-N concentration was nearly 10 times that of the Rhine River in 1971. The extremely high concentrations of both BOD and NH4-N indicate that the disorderly disposal of untreated sanitary sewage is the major cause of pollution. In contrast to developed countries, point-source pollution (particularly untreated organic pollution) remains the leading cause of river water quality degradation in developing countries [35] . Existing pollution legislation is generally not effectively enforced in developing countries such as China [36] . In addition to releasing incompletely treated industrial wastewater, the sewage resulted in a highly polluted status. Because of a partial or even complete lack of municipal facilities, sanitary sewage has become the major and permanent pollutant source in regional rivers. Degradable organic substances and nutritional salts are the major pollutants.
The deterioration of water quality in the Guanlan River has inflicted serious damage on macroinvertebrate communities. Analyses of the 2011 surveyed data revealed that macroinvertebrate diversity was significantly negative correlated with water quality (Table 4) . Degradation of water quality is a serious threat to the diversity of freshwater organisms, and organic pollutants have a significant impact on community compositions and the structures and functions of river macroinvertebrates [37] [38] [39] [40] [41] [42] .
Water quality deterioration is the underlying cause of extensive damage to macroinvertebrate communities. Degradable organic substances and nutritional salts decrease dissolved oxygen, resulting in the disappearance of intolerant groups of macroinvertebrates. The rate of macroinvertebrate disappearance in the Guanlan River is 6.4-fold higher than that of the Rhine River [34] . Although the number of macroinvertebrate species increased to 14 , an increase of more than 70-fold. Furthermore, pollution-tolerant species (i.e., those species with a pollution-tolerance value of 7-10 [43] ) accounted for 93.7% of the total species and included mainly Oligochaeta, Gastropoda, and Chironomidae. The presence of these macroinvertebrate taxa also indicates that the river was in a state of organic pollution [44] . The number of macroinvertebrate species has been shown to decrease under conditions of pollution and shift to pollution-tolerant species (e.g., tubificid worms and Chironomidae) [45] [46] [47] [48] , consistent with the results of this study. The dominance of a few pollution-tolerant species induces instability in macroinvertebrate communities and reduces the ability of the communities to resist external forces (such as flooding) and their restoration ability. Furthermore, the reduction of species diversity and changes in species compositions influence the processes within ecosystems [49] and reduce the effectiveness of ecosystem services [50] .
During the 30-year period from 1981 to 2011, the macroinvertebrate communities in the Guanlan River underwent structural simplification of functional feeding groups and the loss of key functional feeding groups. Although the proportion of scrapers in the functional feeding groups in 2011 was comparable to that in 1981, shredders completely disappeared. Shredders are very sensitive to environmental changes [51] , indicating serious degradation in the water quality of the Guanlan River due to pollution. Merritt and Cummins have suggested that the ratio of collector-filterers to collector-gatherers in rivers that have not been polluted should be greater than 0.5, while the ratio of shredders to collectors should be greater than 0.25 [30] . In 1981, the macroinvertebrates in the Guanlan River followed these ratios, but the values of these indices decreased to zero by 2011. The deterioration of water quality in the Guanlan River led to a decrease in macroinvertebrate species diversity, greatly simplifying the macroinvertebrate community structure, which led, in turn, to inefficient utilisation of primary producers (floating algae and benthic algae) within the river ecosystems and increased the potential for algal bloom outbreaks. In addition, this simple macroinvertebrate community cannot provide sufficient food for higher-level feeders, such as fish, further increasing ecosystem degradation in the Guanlan River.
Over the last several decades, various river restoration projects have been implemented throughout the world. These efforts have been directed at a variety of types of damaged rivers and had different restoration goals [52] . Restoration technologies in China are still in the preliminary and exploratory stage, and they are mainly focused on water quality restoration. However, the restoration of the Rhine River, a successful example of "pollution first and then restoration," focused on its catchment area and employed an ecosystem-level approach [34] . Although the pollution of rivers in China is relatively recent, this pollution is more serious and occurred more rapidly. Developing appropriate schemes for restoring of China's polluted rivers remains challenging.
In its highly polluted state, the implementation of ecological measures to restore the Guanlan River ecosystem improved water quality and macroinvertebrate communities, although with low efficiency, slow speed and high cost. The water quality in the Guanlan River was poorest in 2006. Between 2006 and 2010, Shenzhen City implemented a comprehensive remediation engineering project in the Guanlan River. A key ecological restoration project was implemented in Qinghu reach (G3 site) midstream in the Guanlan River. As a result, the overall water quality of the Guanlan River was significantly higher in 2011 than in 2006. The water quality in the key ecological restoration reach (the G3 site) did not still achieve the water quality standards of Grade III. The macroinvertebrate survey results indicate that the status of macroinvertebrates was better in 2011 than in 2006. Furthermore, the diversity and biomass of the macroinvertebrates at the G3 site were greater than those at upstream or downstream sites in the Guanlan River, where ecological measures for ecosystem restoration were not implemented. However, the differences in diversity and biomass were not statistically significant. Correlation analysis indicated that there were significant negative correlations between water quality and macroinvertebrate species diversity. However, the Pearson correlation coefficient was only 0.4-0.5, which indicates that, in addition to water quality, other factors (such as environmental media) are also responsible for the macroinvertebrate decline in the Guanlan River. A study of North American rivers by Allan and Flecker indicated that water pollution accounted for only 38% of the changes in macroinvertebrates [53] . This result suggests that ecological restoration measures should also consider improving other environmental conditions. The Guanlan River basin underwent rapid urbanisation and industrialization during the period of 1981-2011. Besides hydrological and geomorphological modification, urban streams elevate nutrient and contaminant concentrations [54] . Urbanisation poses an increasing threat to the biodiversity and services provided by aquatic ecosystems world-wide [55] . Efforts to restore biodiversity and ecological function in streams and rivers degraded by substantial land use change or by human activities such as urbanisation, development, and channelization have proved to be much more difficult [56, 57] . In America, there has been widespread improvement in the water quality and biota of many urban waterways since the implementation of the Clean Water Act in the 1970s [58] . While investigating the effects of stream rehabilitation on several large rivers in the United Kingdom, Harrisonet et al., also saw modest improvement of macroinvertebrate abundance and diversity [59] . Mueller et al., suggested that although instream restoration measures could contribute to freshwater biodiversity conservation, reproductive success of species depending on long-term improvement of interstitial water quality cannot be achieved without considering catchment effects and natural substratum dynamics [60] . For every measured reach-and patch-scale attribute, Violin et al., found that restored streams were indistinguishable from their degraded urban stream counterparts. Their study suggests that reach-scale restoration is not successfully mitigating for the factors causing physical and biological degradation [54] . The effects of reach-scale restoration engineering on the ecological restoration of an entire catchment area are inherently limited [52, 54] , as confirmed by our study.
Conclusions
In summary, the results of this study indicate that the water quality of the Guanlan River underwent three major periods from 1981 to 2011. The changes in the macroinvertebrate community were synchronous with changes in water quality in the Guanlan River. The recovery rate of macroinvertebrate communities has lagged behind the improvement of water quality in the Guanlan River. Ecological restoration, particularly at the river-reach scale, is very limited and even ineffective under highly polluted conditions. These results represents a case study for better understanding long-term changes in subtropical rivers and provide a scientific basis for the identification of sustainable water policy options and management strategies for the Guanlan River and similar rivers in subtropical areas.
